Resistance heat aided friction stir welding (RFSW) is a new hybrid welding technology which is based on Friction stir welding. This new technology has been invented in order to solve some challenges or questions of friction stir welding. In this paper, a 3D viscoplasticity thermo mechanical model of RFSW with threaded / unthreaded pin is built up, and the temperature, strain-stress, materials flow and welding defects have been achieved successfully by FEM simulation software. The effect of resistance heat is investigated through FSW and RFSW with different magnitudes of additional electronic current. The research results show that additional electronic current reduces the asymmetry of temperature distribution of FSW. RFSW appears as a bimodality strain curve, and the effective strain of the advancing side is larger than that of the retreating side. The threaded pin helps to achieve the material flow in the thickness direction of FSW joints by the tracking method. In addition, the welding defects of kiss, furrow and wormhole are can be predicted successfully. RFSW can make great improvements on the welding defects, which is in agreement with the experimental results.
Introduction
In recent years, the hybrid welding techniques (such as laser-plasma arc hybrid welding, electron beam-brazing hybrid welding, laser-GMAW hybrid welding, laser-TIG hybrid welding technology, etc.) have developed rapidly. The application of the conventional friction stir welding (FSW) technique is limited by the high costs of the stirring head, harsh welding conditions and relatively short service life 1) . To solve the existing shortcomings of conventional friction stir welding techniques, the authors proposed a resistance heat aided friction stir welding (RFSW) 2) .
The RFSW method introduces a current into the FSW process by using a unique brushless current loading method. The current flows through the friction weld zone in accordance with the principles of the contact resistance and the automatic search function of the current, and it produces endogenous resistance heat in a non-uniform friction interface 3) (which happens in the most needed position). The endogenous resistance heat and friction heat together form the frictional composite heat sources, completing the RFSW process. Based on the characteristics of RFSW, this paper implements dynamic simulation on the RFSW process using DEFORM-3D software, and analyzes the impacts of the current on the behavior of FSW, which provides guidance and reference for the new welding technology called RFSW.
Material and methods
The rigid-viscoplasticity FEM equation in DEFORM-3D is based on the variational method, which means that the actual velocities (i.e. the solution) among all admissible velocitities are derived by multiplying a large positive penalty constant to the equation (1) to solve for its extreme value in the functional equation.
Where is effective stress,, is effective strain rate, t F is surface force, t u is friction factor, K is penalty factor, and v is volume strain rate, respectively. The penalty function method is used to penalize infeasible solutions and to apply a penalty factor to those solutions that violate feasibility in any way. The penalized objective function would then be the unpenalized objective function plus a penalty.
Model assumption
A single block continuum model is used in order to avoid contact instabilities due to the intermittent contact at the sheet-sheet and sheet-tool interfaces 4) .
The workpiece is modeled as a rigid visco-plastic material, and the welding tool is assumed rigid which is sufficient for the heat transfer simulation.
Convection heat transfer is applied to the free boundaries of the workpiece and the original temperature is set to be All the degrees of freedom on the bottom and side surfaces of the workpiece are constrained to simulate the effect of the fixture.
Heat transfer model
Heat generated and temperature change during the FSW is vital for the whole welding process. During RFSW, heat generated in the plastic deformation zone is mainly derived from three sources: frictional heat, plastic work and resistance heat.
The heat generated by plastic work is:
Where is the fraction of heat converted by the plastic work.
During FSW, 90% of the plastic work turns into heat, which is transferred through convection and conduction 5) .
The contact resistance formula is as follows 6) :
Where R is contact resistance, K is a constant related to the material used and the contact interface condition, F is contact force, m is contact force index. Q resistance heat is calculated by Ohm's Law:
In this equation, I is a current, and R is contact resistance.
Material model
The material of the tool is H13 mould steel and the workpiece is 7075 aluminum alloy. 7075 aluminum alloy is widely used for aircraft manufacturing and high-strength, high corrosion stress structural parts. Considering the thermal characteristics of 7075 aluminum alloy, the flowing values are utilized: thermal conductivity K is set for 180N/(s ) and specific heat c for 
Where is the flow stress is the effective plastic strain is the effective strain rate T is the temperature. Figure 1 illustrates a comparison of the temperature contours between FSW and RFSW, which is the instant temperature during the welding process. Fig.1(b) shows the effect of the current, which is simulated by using a heat flux function. Fig.1(a) Figure 2 shows the temperature distribution of RFSW for a threaded stir tool with a 2° tilt angle. Figure 2(a) shows the temperature distribution is asymmetric during the plunge process, which means that the temperature of the advancing side is higher than that of the retreating side. This is mainly because the plastic deformation of the advancing side is more intense than that of the retreating side, resulting in a high plastic work on the advancing side.
Result and discussion

Temperature field
In this paper, tracer method is used to describe the temperature change in the advancing process of FSW. Three key points are utilized to indicate the temperature-time relationship, which are shown in Figure 2 (b). Figure 2(b) shows that the temperature of the advancing side is slightly larger than that of the retreating side.
When the tool is about to approach these three points, the temperature goes up quickly by three points. As the tool is passing through these tracking points, the temperature in these tracking points begins to fluctuate. Because the shear friction factor has a negative correlation with the temperature, and the variation of the friction heat affects the temperature. After the tool moves away, the temperature of these tracking points tends to decline. Figure 3 shows the strain on the selected points in the direction perpendicular to the welding direction of the workpiece after the tool head moved 2mm along the direction of welding. The distribution of the strain in the transverse direction appears an asymmetry bimodality curve. The strain's peak value on the advancing side is larger than that of the retreating side. This is mainly because of the asymmetry of the plastic flow in the stir zone. In the welding process, the plasticization material around the tool rotates together with the tool head. The materials from the advancing side flow to the retreating side under the action of the shear friction force, then it moves to the back of the advancing side through the retreating side. The materials of the retreating side will also undergo rotational flow to the rear of the advancing side, which fills the cavity due to the feeding of the pin.Accordingly, the material flow of the retreating side is exposed to that of the advancing side, resulting in a larger effective strain than on the advancing side. Nevertheless, since the rotational forces generated in the advancing side are different from that in retreating side, the asymmetry of these two sides becomes more apparent. In addition, Figure 3 also indicates that the corresponding strain of the threaded tool is less than that of the cylindrical tool. Figure 4 shows the defects of the conventional FSW process. The defects that occurred in the FSW process can be improved by the RFSW process with the same conditions. Figure 5 shows the experimental results and simulation results on the RFSW process. It can be seen that the defects of furrow and kissing have already been eliminated. This demonstrates that the RFSW can achieve a high-quality weld joint, form a permanent connection, and compensate for the welding defects easier.
Analysis of the strain
Welding defect prediction
Conclusions
The peak temperatures of RFSW and FSW both appeared in the rear of the advancing side. The temperature first increased sharply, then experienced a period of fluctuations, and finally the temperature showed a steady decreasing trend. The temperature of the RFSW is larger than that of FSW.
The strain of the advancing side is larger than that of the retreating side. The distribution of the effective strain in the FSW process showed significant asymmetry in the transverse direction, and the strain curve of both threaded tools showed the property of bimodality.
The numerical model successfully predicted the defects of kiss and furrows of the FSW process which are in agreement with the experimental results. These defects have been significantly improved by the RFSW process under the same welding conditions.
